Introduction
Biosynthesis of the glycosylphosphatidylinositol (GPI) anchor is a highly conserved process in eukaryotes. GPI-anchored proteins play an important role in membrane protein trafficking, cell-surface adhesion, and protection. Generation of GPI anchors results from a posttranslational modification of specific proteins, which is initiated by its synthesis at the endoplasmic reticulum. After synthesis, the GPI-anchor is continuously remodeled and transported to the cell membrane through the Golgi apparatus [1] . To date, mutations in six genes (PIGV, PIGY, PIGO, PGAP2, PIGW, and PGAP3) have been shown to cause hyperphosphatasia with mental retardation syndrome (HPMRS) in an autosomal recessive mode of inheritance (no autosomal dominant mutations have been reported thus far). Moreover, all of these genes are involved in GPI-anchor biosynthesis. PGAP2 is a noncatalytic protein which assists in attaching a saturated fatty acid to the anchor. This function of PGAP2 occurs in the Golgi apparatus and is required for stable association between GPI-anchored proteins and the cell-surface membrane rafts [2] . Seven different mutations in PGAP2 have been described to cause hyperphosphatasia with mental retardation syndrome thus far [1] [2] [3] [4] . In this study, we set out to decipher the molecular basis of apparently autosomal recessive hyperphosphatasia with mental retardation syndrome (HPMRS) in four individuals of a consanguineous Bedouin family (Figure 1(a) ).
Materials and Methods

Subjects and Clinical
Phenotyping. Nine family members of consanguineous Bedouin kindred were studied (Figure 1(a) ). Clinical phenotyping was determined by an experienced team of pediatric neurologists and geneticists for all affected individuals, their parents, and siblings. DNA samples were obtained following approval of the Soroka Medical Center Internal Review Board.
Homozygosity Mapping.
Genome-wide homozygosity mapping of three affected individuals (IV-3, IV-6, and IV-7) (Figure 1(a) ) was performed using CytoScan HD Array, which includes over 2.6 million functional markers across the entire genome and is suitable for copy number variation (CNV) detection as well as for genome-wide linkage analysis (Affymetrix, Inc.). Homozygosity mapping analysis was carried out using the open online software: HomozygosityMapper (http://www.homozygositymapper.org/) [5] . All physical positions mentioned are according to the GRCh37/hg19 genome assembly. 
PGAP2 Expression Analysis.
A panel of cDNA samples was prepared from total RNA derived of 21 normal human tissues (Clontech Laboratories, Inc.), using Verso cDNA kit (Thermo Scientific6). Two sets of PCR primers were designed to amplify cDNA rather than genomic DNA of human PGAP2 and of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene as a control. Primers used for PGAP2 amplification (237 bp amplicon) are as follows: forward 5 -AAACAGCGGCTCTTCATCAT -3 ; reverse 5 -CAAGCAGGACTGAAGGGTTC -3 ; primers used for GAPDH (452 bp amplicon) are as follows: forward 5 -ACCACAGTCCATGCCATCAC -3 ; reverse 5 -TCC-ACCACCCTGTTGCTGT -3 . Annealing temperature used was 58 ∘ C, the extension time was set for 30 seconds, and the PCR reaction repeats were of 35 cycles for both reactions. (Figure 1(a) ) presented with a syndrome of intellectual disability and elevated serum alkaline phosphatase (Table 1 ). All affected individuals were born at term with normal birth weights, following uneventful pregnancies. There were no facial dysmorphism or any further abnormalities on physical examination of all patients, including thorough neurological examination, ruling out cranial, motor, sensory, gait, and cerebellar function abnormalities. Brain magnetic resonance imaging (MRI) of patients demonstrated no specific abnormal findings. Electroencephalogram (EEG) recordings done for patient IV-5 during wakefulness showed generalized interictal spike and slow epileptiform discharges that were more prominent anteriorly (Figure 1(b) ). Karyotype and chromosomal microarrays (CMA) as well as molecular testing for fragile X syndrome were normal as well (Table 1) .
Results
Clinical Characterization. Four individuals of consanguineous Bedouin family
Genetic Analysis.
Genome-wide homozygosity mapping analysis of samples derived from three affected individuals (IV-3, IV-6, and IV-7) identified 6 different disease-associated loci (Table 2 and Figure 1(c) ). Of the six genes previously shown to cause hyperphosphatasia with mental retardation syndrome (HPMRS), only one lies within any of these homozygous loci: PGAP2, located at position chr11:3,819,049-3,847,601, residing within the chromosome 11 locus (Table 2) .
Whole-exome sequencing data of individuals IV-3 ( Figure 1 (Figure 1(d) ). These four potentially pathogenic variants which remained after the filtration cascade and which were located within the homozygous loci identified by genomewide homozygosity mapping were further assayed through segregation analysis (Table 3) .
Only a single homozygous variant was found to reside within one of the above loci and to fully segregate as expected in autosomal recessive heredity (via Sanger sequencing) within all family members (i.e., parents were obligatory carriers, unaffected siblings were either carriers or homozygous for the wild-type allele, and affected individuals were all homozygous for the mutated allele; data not shown).
The mutation found is c.554G>A, p.(Arg185Gln) in PGAP2, within the chromosome 11 locus (Figures 1(a) and  2(a) ). The mutation resides within the Frag1 domain of the mature PGAP2 encoded protein (Figure 2(b) ) and is predicted to replace a highly conserved arginine residue with a glutamine residue (Figure 2(c) ). The mutation was also found to be possibly damaging by Polyphen-2 predictions with a score of 0.942 (http://genetics.bwh.harvard.edu/pph2/). The PGAP2 variant has been previously reported in the dbSNP database (https://www.ncbi.nlm.nih.gov/projects/SNP/) and in the Exome Aggregation Consortium (ExAC) Browser (http://exac.broadinstitute.org/) with an allele frequency of 0.000008122 (two carriers out of 246258 individuals; no homozygotes reported). In fact, there are no PGAP2 homozygous loss-of-function (LoF) mutations (stop gain, frameshift, or essential splice site mutations) or missense mutations which are reported in the Exome Aggregation Consortium Figure 1(a) . Hx = medical history; IU/L = international units per liter. (ExAC). The PGAP2 transcript has multiple splicing isoforms and is highly conserved throughout evolution. Screening of the mutation in 150 ethnically matched controls (300 chromosomes) identified no carriers and no homozygous mutants (data not shown).
PGAP2 Expression Patterns.
Analysis of PGAP2 expression in various normal human tissues by RT-PCR demonstrated that it is ubiquitous. However, while PGAP2 is moderately expressed in most tissues examined, it is highly transcribed in brain, cerebellum, skeletal muscle, heart, fetal liver, and placenta (Figure 2(d) ).
Discussion
The kindred studied here, as is most of the Bedouin community in southern Israel, originates from Saudi Arabia. This community is unique in its high prevalence of consanguineous marriages, high birth rate, and extreme inbreeding within clans, leading to high incidence of monogenic diseases [8] . Here we describe an autosomal recessive form of hyperphosphatasia with mental retardation syndrome (HPMRS). Homozygosity mapping analysis of samples derived from three affected individuals identified 6 different disease-associated loci (Figure 1(c) ). Amongst the known genes associated with HPMRS, PGAP2 was the only gene residing within any of the disease-associated loci identified by homozygosity mapping analysis. Exome sequencing combined with Sanger sequencing validation and segregation analysis identified a PGAP2 mutation as the only probable cause for this syndrome: c.554G>A (NM 001256240.1), p.(Arg185Gln) (Figures 1(d) and 2(a) ). The mutation segregated within the kindred as expected for autosomal recessive heredity (Figure 1(a) ) and was not found in a homozygous or heterozygous state in 150 ethnically matched controls (data not shown). Clustal Omega analysis (http://www.ebi.ac.uk/Tools/msa/clustalo/) [7] showed that the p.(Arg185Gln) mutation in PGAP2 replaces a highly conserved arginine residue with glutamine within Frag1 domain (Figures 2(b) and 2(c) ). Six different mutations within the Frag1 domain have been previously described [1] [2] [3] [4] (Figure 2(b) ). All patients with mutations in this domain suffer from psychomotor retardation, intellectual disability, hypotonia, and increased serum alkaline phosphatase. While most features of this syndrome are shared between individuals with mutations in the PGAP2 Frag1 domain, some phenotypic variability exists, with various degrees of microcephaly, seizures, and mild dysmorphic features. All our patients, homozygous for the same mutation, have in common all the basic features of the phenotype, yet have variable penetrance of seizures with no microcephaly or dysmorphism. PGAP2 has multiple coding and noncoding isoforms. All coding transcripts harbor the c.554G>A mutation. We demonstrated that PGAP2 is highly transcribed in the human brain, skeletal muscle, heart, and fetal liver (Figure 2(d) ) in line with the disease phenotype. PGAP2 is a noncatalytic highly conserved protein which assists in attaching a saturated fatty acid in the biosynthesis of glycosylphosphatidylinositol (GPI) anchor. Mutations in six different genes (PIGV, PIGY, PIGO, PGAP2, PIGW, and PGAP3) involved in GPIanchor biosynthesis have been shown to cause hyperphosphatasia with mental retardation syndrome (HPMRS). All HPMRS cases described to date, regardless of the specific mutated gene, are inherited in an autosomal recessive fashion. To date, 7 mutations in PGAP2 gene have been identified as a cause of hyperphosphatasia with mental retardation syndrome (HPMRS) (Figure 2(b) ).
Interestingly, we show that two carriers (IV-1 and IV-4) also presented slightly high levels of alkaline phosphatase in serum and have also been reported to have significant learning disabilities, though without mental retardation (Table 1) . In contrast, their sibling (IV-2) which is homozygous for the wild-type allele reported to have high academic performances (having completed a university Master's degree). It would be of interest to examine whether similar cases of a mild phenotype have been reported for other heterozygous individuals, carrying different mutations in PGAP2.
Altogether, our data demonstrate that the autosomal recessive syndrome of hyperphosphatasia with mental retardation in this family is caused by a rare homozygous variant in PGAP2 which was previously reported in dbSNP database and that a mild phenotype could be observed in heterozygous carriers.
